Molecular dynamics (MD) simulations are the classic single-molecule ''experiments,'' providing atomic-resolution structural and dynamic information. However, the single-molecule nature of the technique has also been its shortcoming, with frequent criticisms of sampling inadequacies and questions regarding the ensemble behavior of large numbers of molecules. Given the increase in computer power, we now address this issue by performing a large number of simulations and comparing individual and ensemble properties. One hundred independent MD simulations of the protein chymotrypsin inhibitor 2 were carried out for 20 ns each at 498 K in water to more fully describe the potentially diverse routes of protein unfolding and investigate how representative a single trajectory can be. Rapid unfolding was observed in all cases with the trajectories distributed about an average ''ensemble'' path in which secondary and tertiary structure was lost concomitantly, with tertiary structure loss occurring slightly faster. Individual trajectories did, however, sample conformations far from the average path with very heterogeneous time-dependent properties. Nevertheless, all of the simulations but one followed the average ensemble pathway, such that a small number of simulations (5-10) are sufficient to capture the average properties of these states and the unfolding pathway.
A reasonable criticism of all-atom molecular dynamics (MD) simulations of proteins and other large biomolecules is that the small number of simulations performed cannot be expected to reproduce the average behavior of the 10 15 to 10 18 molecules in an experimental sample. A corresponding criticism of most experiments involving proteins is that they only tell us the average behavior of an ensemble of molecules and do not give us information for individual members of the ensemble. Only recently have experiments been devised that measure the behavior of individual molecules and the distribution of signal about a mean (1) . These experiments show definitively that the properties of a protein observed in experiment are due to broad ensembles of conformations (2) .
Advances in computer hardware have also recently made it possible for large numbers of protein and peptide simulations to be carried out. Early work required the use of implicit solvent (3) or short simulations (4) to achieve large (at the time) ensembles of 24-30 simulations. These simulations showed the breadth of conformations available to unfolded proteins and the many accessible unfolding paths, in agreement with landscape theories of protein folding (5) . Strikingly, they also followed a statistically favored hierarchy or pathway along a reaction coordinate defined by the fraction of native contacts formed. At a given fraction of the native contacts formed, the contacts that made up some elements of secondary structure were more likely to be formed than others. Similar results had been observed by means of umbrella sampling of the folding landscape (6) . More recently, we have also observed similarities in the pathways of unfolding at a range of temperatures in simulations of chymotrypsin inhibitor 2 (CI2) (7) . Although the time scale on which the protein unfolds depends on the temperature, the order of events does not. We have also looked in detail at the transition state (TS) of unfolding in these simulations and found that the changes in structure with temperature are slight compared with the range of structures observed in a small number of simulations at a single temperature (8) .
Because it appears that multiple simulations can reveal an average pathway in unfolding, it is reasonable to ask how many simulations are needed to adequately describe this pathway. In its simplest formulation, a protein-folding pathway can be defined in terms of three states: the native state, the denatured state, and the TS. The native state is well defined by experiment and is conformationally homogeneous. The transition and denatured states, however, are more heterogeneous, and their characterization may require many simulations. A putative TS ensemble in an individual simulation can be identified by a conformational clustering method (9) (10) (11) . Such an approach is necessary because free energies cannot be calculated along an unfolding trajectory to identify the barrier. Nevertheless, these predicted TS structures, identified by using our clustering method, are in good agreement with experiment (8) (9) (10) (11) (12) (13) (14) (15) . The temperature dependence of the time taken to reach the TS is consistent with the presence of a free-energy barrier (8) , as are ''refolding,'' or Pfold, simulations (ref. 14 and D. A. C. Beck and V.D., unpublished data). In any case, Smith et al. (16) showed that four 5-ns simulations were not sufficient to sample all available conformational clusters of a pair of short peptides but that the average properties of the peptides did converge relatively quickly. The peptides considered in that study were 7 and 11 residues long, however, as opposed to the Ͼ50 residues in independently folding protein domains, and the simulations were short by current standards. Here, we consider the conformational space sampled and the average structural properties of CI2 in 100 independent 20-ns unfolding simulations at 498 K to determine the number of simulations needed to describe the unfolding process and to compare single-molecule and ensemble behavior.
Methods
Simulations. Five independent MD simulations of each of the 20 members of the NMR ensemble of CI2 (17) were performed for a total of 100 simulations. Each simulation was run for 20 ns at 498 K. Starting structures were solvated in explicit F3C waters (18) at the experimental density of water on the liquid-vapor coexistence curve at 498 K (0.829 g͞mol) (19) . Independent simulations from the same starting structure were generated by varying the number of dynamics steps in the preparation of the solvent bath. The simulations were run by using the ENCAD program (20) and potential function (21) using an 8-Å forceshifted cutoff for long-range interactions (22) . Structures were saved every 1 ps, resulting in 2 ϫ 10 6 structures.
Analysis.
A contact was defined as two nonneighboring residues having any atoms within 5.4 Å of one another or within 4.6 Å if the atoms are N and O. Secondary structure definitions were based on (, ) angles: ␣-helical conformational space, Ϫ100°T Ͻ Ͻ Ϫ30°, Ϫ80°Ͻ Ͻ Ϫ5°; and ␤-strand conformations, Ϫ170°Ͻ Ͻ Ϫ50°, 80°Ͻ Ͻ Ϫ170°. Three consecutive residues must fulfill the angular criterion to be considered secondary structure. S values are the product of a tertiary structure term and a secondary structure term (11) . Both native and nonnative interactions can contribute to the stability of TS conformations (23) . As such, the tertiary term is the ratio of the number of contacts, both native and nonnative, made by a residue in the TS to the number of contacts made in the native state. The secondary structure term is the fraction of the 5-ps TS time that the residue is in the native backbone conformation. If the native secondary structure is ␣-helical or ␤-sheet, the (, ) definitions given above are used. If not, the backbone torsion angles must be within 35°of the native angles to be considered native-like. The secondary structure term is averaged over a three-residue window. These S values are similar to, albeit less precise than, the ⌽ MD values used earlier (11) . Multidimensional scaling of C ␣ rms deviation (rmsd) matrices was performed by using Sammon's multidimensional scaling algorithm (24) in the R package. Protein structures were generated by using PYMOL (25) or MIDAS (26) .
Results
The Unfolding Pathway. The unfolding of CI2 was explored with 100 independent MD simulations in explicit water at 498 K. Each simulation was carried out for 20 ns. Unfolding to essentially random coil-like conformations occurred in all cases. The TS in each simulation was determined by a conformational clustering method (9) . Representative starting, TS, and final structures are given in Fig. 1 . When viewed as a landscape defined by the amount of secondary and tertiary structure present in the protein, it is clear that a wide variety of unfolding paths is possible ( Fig. 2A) . Although an average pathway exists, it is apparently due to averaging over many pathways with varying mechanisms. When only the first nanosecond of simulation is considered, however, the average pathway closely mirrors a minimum free-energy path. The denatured ensemble consists mostly of conformations with little secondary or tertiary structure. Conformations with native amounts of tertiary or secondary structure were sampled within the unfolded ensemble, but only the native state maximized both secondary and tertiary structures.
There is no obvious free-energy barrier that would lead to a TS in the landscapes in Fig. 2 A because of the properties chosen to define the landscape, the difficulty in displaying lowprobability states, and the use of interpolation to generate contour maps. There is indeed a barrier, and details of the TS have been presented (8) . With respect to structural properties, denatured structures can have relatively native-like amounts of secondary and tertiary structure without necessarily having native-like conformations. For example, the solvent-accessible surface area (SASA) of the Trp responsible for the experimentally observed change in fluorescence upon unfolding is plotted as a function of time in Fig. 2B . Whereas the average SASA of Trp-5 increases with time, with many members of the denatured ensemble becoming fully exposed to solvent, there are conformers within the denatured ensemble that bury Trp-5 to the same extent as the native structures. In Fig. 2C , we see that whereas the average number of residues in ␣-helical conformations decreases with time, some members of the denatured ensemble have a higher ␣-helical content than in the native state. Large ␣-helical contents in denatured structures are generally due to multiple short helical segments (or turns) rather than single extended helices (Fig. 1) . The rate at which Trp-5 switches between exposed and buried states is relatively high, allowing individual simulations to sample the full range of burial in a short amount of time. The formation and loss of short ␣-helical segments occurs on a longer time scale, so multiple simulations are required to observe the full range of ␣-helical content available in the denatured state.
The multidimensional scaling used to define the TS ensembles in individual simulations essentially determines a set of properties that best separates the conformations sampled. In Fig. 3 , the conformational space explored in the first nanosecond of four independent simulations is explicitly mapped into three dimensions by using this method. There is a clearer distinction between native and denatured structures in this representation. All have the same starting structure and sample overlapping conformational space in the early states of unfolding, but then they diverge. This point of divergence corresponds to the TS determined from clustering individual simulations. After the TS, the protein samples many more conformations, and a very large number of simulations would be required to fully enumerate this denatured space. But this lack of exhaustive sampling need not be an impediment to determining the average properties of the denatured state, as described below.
Convergence. A critical question in MD simulations is how many simulations are required to describe a given process. We consider the structural properties of the TS and unfolded state and how they change with an increasing number of simulations. Structure is considered in terms of the number of contacts made by a given residue and its secondary structure. To determine convergence, we calculate the correlation coefficient between the average structure at each residue in randomly chosen subsets of the simulations and the average structure of each residue over all 100 simulations.
In the TS, the structure is described by an S value, or local structure index, for each residue averaged over the ensemble (see Methods). These S values correlate well with the experimental ⌽ F values for CI2 (Fig. 4) . The correlation coefficient between simulation and experiment increases when larger ensembles of simulations are considered, but it approaches its maximum value of 0.76 in Ϸ10 simulations. The correlation between S and ⌽ is similar for ensembles of structures chosen randomly from further along the unfolding pathway, but it drops off as the simulations enter the unfolded state. The correlation coefficient between average S values for the denatured state and experimental ⌽ F values is Ͻ0.6, highlighting the potential problems with using structures with low correlations as TS models or using ⌽ values as constraints for generating TS models.
The correlation coefficient between S values for small ensembles of simulations at the TS and the full ensemble of 100 simulations shows a similar increase. The values averaged from 10 simulations are essentially the same as the values averaged from 100 simulations, with correlation coefficients ranging from In the unfolded state, we consider the secondary structure and tertiary structure over the last 10 ns of simulation for each residue separately. The fraction of time that each residue spends in ␣-helical and ␤-strand (, ) space and the average number of contacts formed by each residue are given in Fig. 5 . The residual structure seen in the ␣-helix is expected from NMR chemical shift information (29) . The average values for these properties are obtained in a small number of simulations as well. The correlation coefficient between subsets of five simulations and the full set of 100 simulations is Ͼ0.8 for all but one set of five simulations. Once the fully unfolded state has been reached, sampling a shorter amount of time from a larger number of simulations gives better correlation with the average values from all 100 simulations. The correlations for contacts and ␣-helical and ␤-strand preferences averaged over the last nanosecond of 10 simulations are much higher than those averaged over the last 10 ns of a single simulation.
Sampling of Conformational Space. Given the relative lack of residual structure, the number of conformations available to CI2 in the unfolded state is expected to be quite large. The question then arises of how much of that accessible conformational space needs be sampled to determine the average properties detailed above. This question can be considered in terms of the number of unique conformations populated in each simulation. In the limit where the set of simulations has sampled all of the conformational space, no unique structures will be seen in a new simulation. To make the problem of comparing 2 s of simulation time tractable, we compare the simulations at 200-ps granularity using the C ␣ rmsd. We define uniqueness based on how much conformations can change in 200 ps. A uniqueness cutoff of 7 Å was chosen, because 95% of the C ␣ rmsds are Ͻ7 Å in a 200-ps time interval.
The average numbers of unique structures in members of subsets of the 100 simulations are plotted in Fig. 6A . The number of unique structures initially decreases rapidly as more simulations are considered, but it begins to level off for the larger ensembles. Even in the full set of 100 simulations, an average of 24% of the structures in each simulation is not found in any of the other 99 simulations. Only a few simulations of the set of 100 extensively sample new regions of conformational space (Ͼ60% unique), and 25% of the simulations sample essentially no unique conformations (Fig. 6B) .
Individual simulations from small sets of simulations generally sample highly unique regions of conformational space. Although individual trajectories in sets of five simulations can have as few as 10% unique structures, they are highly likely to be Ͼ70% unique (Fig. 6B) . This divergence occurs upon exit from the native cluster, as was seen in Fig. 3 . The distributions of pairwise C ␣ rmsds between structures in the native, transition, and denatured states also illustrate this divergence (Fig. 7) .
Discussion
The Unfolding Pathway and the Unfolded State. The unfolding of an ensemble of proteins leads to a large increase in the structural heterogeneity of the ensemble. Although enumeration of all possible unfolded conformations is difficult with such highresolution methods, the determination of accurate average properties of the unfolded ensemble is well within the limits of current simulation protocols. The use of elevated temperature allows simulation of the complete unfolding process on nanosecond time scales. When the simulations are considered in terms of the total amount of secondary and tertiary structure in each conformation, the average properties at each time point fall very close to the most likely values of these properties, although a wide range of other values are sampled. This most probable path involves nearly simultaneous loss of secondary and tertiary structure. Total loss of secondary structure occurs after the loss of tertiary contacts on this pathway, leading to some curvature. The unfolded state is a single well whose minimum is characterized by a low amount of tertiary structure and almost no secondary structure. The sides of this well are not steep, however, allowing population of conformations with high amounts of secondary or tertiary structure.
This landscape lacks an obvious free-energy barrier; however, the temperature dependence of the unfolding rate in simulation indicated that there is one (8) . Such a low-populated state may be hidden by the choice of properties used in constructing the landscape and by the interpolation used to generate the contour plots in Fig. 2 . Also, many conformations are possible with a given secondary and tertiary structure content. While the starting structures are separated from the unfolded well, unfolded conformations can have amounts of secondary and tertiary structure that are similar to the native state without having native-like conformations. The native and denatured states are well separated in the high-dimensional conformational space in which proteins unfold, but casting them into a low-dimensional space necessarily reduces this separation. This projection artifact can cause unfolded conformations to appear native-like and near-native conformations to appear unfolded, effectively swamping out a small free-energy barrier. The average value of a simple property may be different in the native and denatured ensembles, but it may not be possible to classify individual conformations as belonging to the native or denatured ensemble based on this property.
A multidimensional scaling method allows us to identify the coordinates that best distinguish between conformations. Visualizing individual simulations in these coordinates allows us to identify TSs as exits from the native-like cluster. The structure of the TS of CI2 identified in unfolding simulations has been repeatedly shown to be consistent with experimental ⌽ values for the rate-limiting TS of folding (8) (9) (10) (11) (12) (13) . Although agreement with experimental ⌽ values is a necessary condition of a putative TS ensemble from simulation, it is not a sufficient one. There may be other structures that satisfy the experimental ⌽ values that do not belong to the TS ensemble. In previous work, we have shown that the TS identified by conformational clustering can be used to design fast-folding mutants of CI2 (12) and that structures before this point in the simulation rapidly refold whereas later structures do not (14) . If we cluster multiple simulations into the same space, the divergence of different simulations occurs at the TS ensemble identified in individual simulations.
Convergence and Sampling. A small number of simulations, 5-10, are required to determine average properties of the unfolded state and various transient states in the unfolding pathway. That a good description of unfolded properties can be obtained with so few simulations is not due to all of the simulations sampling similar conformations. The same ensemble averages can be determined from quite different ensembles. In many cases, none of the structures sampled late in an individual simulation is seen in any of the other members of a set of five simulations, but the average properties of two independent sets of five simulations will be similar. Additionally, the correlation between small sets of simulations and the full set of 100 increases rapidly as the size of the set increases. Although widely different conformations can have similar overall properties, the unfolded residue-based properties from individual simulations generally correlate very poorly with the averaged per-residue properties. Thus, different simulations are sampling widely different areas of conformational space, but averaging yields a common set of properties.
In contrast, the structure of the TS from individual simulations is relatively similar to the average structure: that is, the prop- Fig. 7 . Similarity between structures. The distributions of pairwise C ␣ rmsd between structures in the native state (dashed line), the TS (solid line), and the unfolded state (dotted line). The native distribution is from a 50-ns simulation at 298 K (7). The TS structures were identified as described in Methods, and the final structures from all 100 simulations are taken to represent the unfolded state. erties of individual molecules are similar to the ensemble properties. Although there are some outliers, most of the TS structural properties have correlation coefficients to the averaged TS between 0.7 and 0.95. Because the TS is chosen to be the point of exit from the structurally homogeneous native-like cluster, these similarities are not surprising. The overall pathway of unfolding is well conserved, however, and involves early loss of structure in ␤-sheet and loops, followed by complete core opening and loss of structure in the ␣-helix. Only one simulation deviates substantially from this overall description, with early unfolding of the ␣-helix. The small number of simulations required to accurately describe the average properties of the TS is partly attributable to this relative homogeneity.
Conclusions
The very large set of simulations considered here was not necessary for the accurate determination of the average properties of the unfolded state. A much smaller set, on the order of 10 simulations, would have been sufficient. When visualized in a simple property space, the mean path of the simulations closely follows the most likely path. This simple property space representation does not necessarily capture all aspects of the unfolding process, however, because dissimilar conformations can have the same properties. Unfolded conformations transiently contain native-like amounts of total secondary or tertiary structure, although most conformations in the unfolded state have little structure. The properties of individual proteins as they unfold are remarkably heterogeneous, whereas the ensemble behavior is quite uniform, providing a simplified view of the actual process. The heterogeneity of the paths of individual molecules increases along the unfolding reaction coordinate. At the TS, the properties of individual molecules are similar to the ensemble averages. The paths of individual molecules diverge after the TS such that, by the time the fully unfolded state is reached, the same ensemble average properties are determined from sets of individual molecules with essentially no structural similarity.
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